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摘 要 
三价砷是目前致癌性最高的重金属，其毒性强、难吸附等问题成为急需解
决的难题。厌氧生物产甲烷过程中产生大量的沼渣，将沼渣资源化利用是目前
生物甲烷过程中首先要解决的问题之一，因此本文将沼渣活化后制备成生物炭
和介孔生物炭以实现沼渣的资源化利用，并应用在水中三价砷的去除过程，进
一步分析生物炭和介孔生物炭对三价砷的吸附过程和吸附机理。主要研究成果
如下： 
1. 通过绝氧热解法在 700 oC 下制备了纯生物炭（BC），并采用不同活化
剂 KOH，NaOH，FeCl3，AlCl3，ZnCl2制备了活化后的生物炭。考察这些生物
炭对 As(III)的吸附过程和吸附机理。研究发现在 As(III)初始浓度为 200 µg/L，
500 µg/L 进行吸附试验时，ZnCl2活化的生物炭吸附效果最好且接近 100 %。动
力学实验表明其符合准二级动力学模型（R2 > 0.993）且吸附平衡所需时间小于
1.5 h，吸附等温线符合 Freundlich 模型（R2 > 0.994），最大吸附量为 27.67 mg/g。 
2. 氮气脱吸附等温线（BET）以及扫描电镜（SEM）分析，发现 ZnCl2活
化的生物炭具有最大的 BET 表面积（516.67 cm2/g）和表面规律的孔分布，可
见孔的吸附作用在 As(III)去除过程起着重要作用。进一步采用 XRD 分析表明
ZnCl2活化的生物炭中 Zn 主要以 Zn-OH 形式存在。FT-IR 表明 ZnCl2活化的生
物炭吸附 As(III)后在 796 cm-1出现新的 As-O 峰，并且羟基峰偏移明显。通过
XPS 分析表明，吸附反应后砷主要以三价的形式存在生物炭表面并且没有发生
三价砷的氧化，且 Zn(2p3/2)和 Zn(2p1/2)的 XPS 峰吸附后发生偏移说明发生了
配体交换置换出 Zn-OH 中的羟基并形成 Zn-O-As(III)结构。因此，ZnCl2活化的
生物炭吸附 As(III)的机理为孔吸附以及表面 Zn-OH 的配体交换作用形成
Zn-O-As(III)结构。 
3. 通过绝氧热解法将猪粪沼渣制备成理想的介孔生物炭材料，采用NaOH、
ZnCl2 为活化剂，成功制备出介孔生物炭 MC-2.5M-ZnCl2-600。BET 分析表明
其具有最大的介孔表面积 671.02 cm2/g，介孔比例达到了 78.76 %。XRD 表征
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说明介孔生物炭 MC-2.5M-ZnCl2-600 表面主要是由无定型的 SiO2 组成。SEM
电镜分析表明介孔生物炭 MC-2.5M-ZnCl2-600 表面存在着大量的介孔结构，并
广泛的分布于介孔生物炭的表面。 
4. 通过吸附试验验证了介孔促进 As(III)的吸附，表现为孔吸附作用。通过
FT-TR 分析得知，介孔生物炭 MC-2.5M-ZnCl2-600 在吸附三价砷后 SiO2基团发
生显著的偏移，表明 SiO2 基团对 As(III)起静电吸引作用。因此，介孔生物炭
MC-2.5M-ZnCl2-600 吸附 As(III)为多机理共存的过程。其吸附动力学较符合
Pseudo-second-order 和 Elovich 方程（R2 > 0.985）；而其 As(III)的吸附等温线
均较符合 Langmuir 模型和 Freundlich 数学模型（R2 > 0.97），其最大吸附量为
2742 µg/g。 
本文将猪粪沼渣制备成氯化锌活化的生物炭和介孔生物炭吸附污水中的
As(III)，获得了较优的吸附效果，并详细阐述了二者的吸附机理，本文为沼渣
资源化和三价砷污水处理提供了借鉴的方法。 
关键词：沼渣；生物炭；三价砷；吸附性质；介孔生物炭；吸附机理 
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Abstract 
Aresnite (As(III)) is the most supervirulent heavy metal pollution at present, its 
heavy-toxicity and difficult to adsorb have became the main environmental problem 
to address. The anaerobic biological process produce methane and plenty of biogas 
residue, to transform biogas residures into resources are the main problem to tackle. 
Therefore, this paper activated biogas residue of pig manure to make biochars and 
mesoporous biochars to reuse biogas residues and to adsorb aqueous As(III), further, 
the adsorption process and adsorption mechanisms of As(III) adsorption on biochars 
and mesoporous biochars were analyzed in this paper, respectively. The main results 
obtained as follows :         
1. Pristine biochar (BC), KOH-activated biochar, NaOH-activated biochar, 
FeCl3-activated biochar, AlCl3-activated biochar and ZnCl2-activated biochar were 
prepared by pyrolyzing with the exclusion of oxygen at 700 oC, as well as analyzed 
the adsorption process and mechanisms of As(III) adsorption on biochars. The 
adsorption assays indicated that ZnCl2-activated biochar had the best adsorption 
performance at initial As(III) concentration were 100 µg/L and 200 µg/L, remove 
rate approached 100 %. The kinetics experiment of ZnCl2-activated biochar showed 
the adsorption process fitted pseudo-second-order model well (R2 > 0.993), and 
adsorption equilibrium time less than 1.5 h, the adsorption isotherm model of 
ZnCl2-activated biochar followed Freundlich model well (R
2 > 0.994), the maximal 
absorptive capacites of ZnCl2-activated biochar was 27.67 mg/g.  
2. The analysis results of Brunaure-Emmet-Teller (BET) method and Scanning 
electron microscopy (SEM) shown that ZnCl2-activated biochar had the largest 
specific surface area (516.67 cm2/g) and regular pore distributions, which indicated 
porous adosrption played an important role in As(III) removal. Further, XRD 
analysis indicated element Zn in ZnCl2-activated biochar mainly existed in the form 
of Zn-OH, FT-IR analysis demonstrated that there was a new peak of As-O at 796 
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cm-1 after ZnCl2-activated biochar adsorption of As(III), the hydroxyl peak of the 
ZnCl2-activated biochar clearly increased and shifted compared with that of the 
pristine biochar, which indicated the occurrence of ligand exchange probably 
between hydroxyl adsorption sites and arsenic species. In terms of the Zn(2p3) 
spectra, Zn(2p3/2) and Zn(2p1/2) electron binding energy of the ZnCl2-activated 
biochar experienced a slight shift to a higher binding energy after As(III) adsorption, 
which indicated that the adsorption of As(III) was connected with surface zinc atoms. 
This phenomenon demonstrated that the hydroxyl group in Zn-OH was replaced 
with arsenic to form Zn-O-As(III), which released the hydroxyl group. Thus, the 
adsorption mechanism of ZnCl2-activated biochar adsorption of As(III) were: porous 
adsorption and ligand exchange. 
3. Mesoporous biochars were prepared from biogas residue by pyrolyzing with 
the exclusion of oxygen, mesoporous biochar MC-2.5M-ZnCl2-600 was prepared by 
using activators NaOH and ZnCl2. BET analysis showed the mesoporous biochar 
MC-2.5M-ZnCl2-600 had the lagest mesopore surface areas 671.02 cm
2/g and the 
proportion of mesopore surface areas approached 8.76 %. XRD ananysis indicated 
the surface of mesoporous biochar MC-2.5M-ZnCl2-600 were made up of 
amorphous SiO2. Through SEM analysis, the surface of MC-2.5M-ZnCl2-600 
possessed plentiful mesoporous structures.       
4. The adsorption assays in this work demonstrated that mesopores promoted 
As(III) adsorption by the the way of porous adsorption. From FT-IR analysis, the 
peak of SiO2 in mesoporous biochar MC-2.5M-ZnCl2-600 shifted dramatically after 
As(III) adsorption, which showed SiO2 adsorbed As(III) by electrostatic attraction. 
Therefore, the adsorption mechanisms of mesoporous biochar MC-2.5M-ZnCl2-600 
were very complex process. The kinetics studies of MC-2.5M-ZnCl2-600 showed 
the adsorption process both fitted Pseudo-second-order model and Elovich model 
well (R2 > 0.985)；the adsorption isotherm model of MC-2.5M-ZnCl2-600 both 
followed Freundlich model and Langmuir model well (R2 > 0.97), the maximal 
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absorptive capacity was 2742 µg/g. 
In this work, ZnCl2-activated biochar and mesoporous biochar 
MC-2.5M-ZnCl2-600 produced from biogas residue of pig manure to adsorb As(III) 
sewage and obtained great adsorption capacities, meanwhile both adsorption 
mechanisms were detailedly explained and this work provide a new approach to deal 
with biogas residues and treat As(III) sewage.   
Key words: Biogas residues; Biochars; As(III); Adsorption property; Mesoporous 
biochar; Adsorption mechanisms
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